The flow cytometric dihydrorhodamine 123 (DHR) assay is used as a screening test for chronic granulomatous disease (CGD), but complete myeloperoxidase (MPO) deficiency can also lead to a strongly decreased DHR signal. Our aim was to devise simple laboratory methods to differentiate MPO deficiency (false positive for CGD) and NADPH oxidase abnormalities (true CGD). Methods: We measured NADPH-oxidase and MPO activity in neutrophils from MPO-deficient patients, CGD patients, NADPH-oxidase-transfected K562 cells and cells with inhibited and substituted MPO. Results: Eosinophils from MPO-deficient individuals retain eosinophilic peroxidase and therefore generate a normal DHR signal. The addition of recombinant human MPO enhances the DHR signal when simply added to a suspension of MPO-deficient cells but not when added to NADPH-oxidase-deficient (CGD) cells.
was introduced by our group (3, 4 ) . The DHR assay is easier to perform, more reliable, and more sensitive than the nitroblue tetrazolium dye reduction assay (5, 6 ) , and DHR is also more sensitive than other ROI-indicating fluorescent dyes, such as dichlorofluorescein (7 ) . DHR oxidation is not strictly dependent on NADPH-oxidase activity, however, because the oxidation requires (myelo-) peroxidase availability (8 ) . In spite of this limitation, the DHR assay has been successfully used to (a) measure transfused non-CGD neutrophils in CGD patients (9 ) , (b) measure X-inactivation ratios (lyonization patterns) in X-linked CGD carriers (10 -16 ) even when small percentages of the normal X-linked genes are present (17 ) , (c) measure low concentrations of residual NADPH-oxidase activity in CGD patients (10, 18 ) , and (d) measure improved granulocyte activity in preclinical (19 ) and clinical gene therapy trials (20, 21 ) . In addition, the DHR assay is superior to other methods, such as chemiluminescence, for analyzing shipped blood samples (22, 23 ) . CGD is a life-threatening disease, and the diagnosis has significant implications regarding therapy (24 ) . It is therefore critical that the limitations of the DHR screening diagnosis assay (and of all other diagnostic tests for CGD) be understood and that confirmatory testing be considered when appropriate. It is in this context that we demonstrate for the 1st time that complete MPO deficiency can lead to a false-positive result for CGD diagnosis using the DHR flow cytometry assay and describe how MPO deficiency can be easily discerned from CGD.
Patients, Materials, and Methods patients
We evaluated 4 patients with complete MPO deficiency, 2 with partial MPO deficiency, and 3 with CGD (2 without and 1 with residual NADPH-oxidase activity) and compared them in each of the assays described below (Table  1 ). All patients and/or their parents consented to blood drawing and genetic analysis.
materials
We purchased salicylhydroxamic acid (SHA) and 4-aminobenzoylhydrazide (ABAH) from Sigma-Aldrich and TCI America, respectively, and DHR, lucigenin, horseradish peroxidase type VI-A, rhMPO, lactoperoxidase, phorbol-myristate-acetate (PMA), and zymosan A from SigmaAldrich. Transfected K562 cells that permanently express gp91-phox, p47-phox, and p67-phox and have endogenous p22-phox were a kind gift from Dr. T. Leto, Laboratory of Host Defenses, National Institute of Allergy and Infectious Diseases, NIH, Bethesda, MD.
flow cytometric dhr assay K562 cells were adjusted to 10 9 /L in PBS (137 mmol/L NaCl, 10 mmol/L phosphate, 2.7 mmol/L KCl, pH 7.4), as were neutrophils that had been isolated from lithium-heparin-containing whole peripheral blood by dextran sedimentation followed by hypotonic erythrolysis or from buffy coat cell layers. We incubated all cells in 500-L aliquots with 20 L of 1.6 mol/L PMA for 5 min at 37°C with or without rhMPO (1 kU/L) or MPO inhibitors as indicated. Thereafter, we added 7.5 L of 30 mol/L DHR followed by another 15-min incubation period at 37°C, storage on ice, and flow cytometric analysis as described (22 ) . Experiments performed in whole blood with the commercially available Phagoburst reagent set (Orpegen Pharma) yielded similar results in all cases (data not shown). (24, 27 ) Ex (exon) 12-2A3 C (c0.2031-2AϾC), splice mutation with no in-frame splicing; IVS6 -1157A3 G, complex splice mutation with residual normal splicing; 962T3 G and 970delG, complex null mutation; s, strongly decreased, but present; a, strongly increased; ND, not done. Using primers to amplify individual exons including intron boundaries of MPO (myeloperoxidase) 10 and CYBB (cytochrome b-245, also called gp91-phox) (18, 27 ) , we performed nucleotide sequencing of genomic DNA from MPO-deficient patients and CGD patients.
Results
The DHR signal yielded by flow cytometry in the routine diagnostic screening assay for CGD depends on intact NADPH-oxidase activity as well as the presence of a peroxidase such as MPO, as shown in Fig. 2 . The DHR fluorescence (Fl1) generated by PMA-activated neutrophils of the completely MPO-deficient patient (Table 1 , patient 1) was significantly below normal ( Fig. 2A) and was comparable to that of an X-CGD patient (Table 1 , patient 7) with some residual NADPH-oxidase activity (Fig. 2C) . Thus, complete MPO deficiency could be confused with CGD (false positive).
In the presence of complete MPO deficiency, a small subpopulation of cells yielded a high DHR signal upon activation with PMA ( Fig. 2A, arrow) . This subpopulation consisted of eosinophils, which contain the same NADPH-oxidase as neutrophils, but they contain eosinophilic peroxidase instead of MPO.
Measurement of lucigenin-enhanced chemiluminescence (LCL) indicated that the signals were significantly increased (consistent with normal NADPH-oxidase) in the MPO-deficient patient (Fig. 2B ) but were significantly decreased from normal in patients with a confirmed diagnosis of CGD (Fig. 2D) .
We confirmed MPO deficiency in patient 1 by use of mAb staining (Fig. 1, A and B) , the Advia-120 automated hematology analyzer (25 ) (Fig. 1E) , and o-dianisidine staining (data not shown). Three additional patients were confirmed to be completely MPO deficient (Table 1 , patients 2, 3, and 4) by 2 or 3 of these methods.
We confirmed the mutations in the gene leading to MPO deficiency by genomic sequencing (Table 1) . We detected the frequent exon12-2A3 C splice mutation (c.2031-2AϾC) in 8 alleles, and the A332V and R569W missense mutations in 2 alleles each. None of the patients were related. The c.2031-2AϾC and the R569W mutation have been published as null mutations, i.e., no residual MPO activity was detected (28 -30 ) . The neutrophils iso- 10 Human genes: MPO, myeloperoxidase; CYBB; cytochrome b-245. (Table 1) .
When we added the MPO inhibitors SHA and ABAH to suspensions of normal neutrophils and performed a modified DHR flow assay (Fig. 3) , both inhibitors markedly decreased the zymosan A-induced DHR fluorescence signal (Fig. 3A) . The inhibition was not attributable to cell damage or cell death, because the same concentrations of the inhibitors actually enhanced the LCL signal (Fig. 3B) . Fluorescence in these experiments was measured by luminometry, because zymosan particles interfered with the light scatter detection of cells by flow cytometry. Experiments combining PMA, SHA, and ABAH were inconclusive, presumably owing to their combined toxicity.
K562 cells containing no endogenous peroxidase and transfected to express gp91-phox, p47-phox, and p67-phox [and having endogenous p22-phox (31 )] provided a model to investigate the peroxidase dependency of PMAinduced DHR oxidation by H 2 O 2 . The transfected components of NADPH-oxidase allowed for the production of high amounts of ROIs, as demonstrated by a strong LCL signal (31 ), but yielded no PMA-induced DHR oxidation, as demonstrated by the lack of increase in the fluorescence signal (Fig. 4B) . The addition of rhMPO, however, led to a significant increase in the intensity of DHR fluorescence following in vitro activation. A similar result was observed in patients with the false-positive CGD DHR result who had no residual MPO activity ( Fig. 4A ; Table 1 ). Addition of rhMPO enhanced the DHR signal in the MPO-deficient patients' neutrophils, thus providing a clear discrimination between MPO deficiency and CGD. As shown in Fig. 4 , addition of rhMPO did not change the DHR signal in CGD patients with (Fig. 4D) or without (Fig. 4C ) detectable residual NADPH oxidase activity.
We detected considerable variability in the DHR fluorescence of the complete MPO-deficient patients (as well as in different samples from 1 individual, compare Figs. 2 and 4). Therefore, the DHR assay may not be reliable in detecting MPO deficiency.
In contrast to rhMPO, the addition of horseradish peroxidase (2 different forms) or lactoperoxidase led to an increase in DHR fluorescence even in the absence of a functional NADPH-oxidase (data not shown). Therefore, such peroxidases should not be used to investigate MPO deficiency in the DHR assay.
Discussion
The incidence of MPO deficiency is estimated to be ϳ1 in 2000 individuals. Although the MPO system is highly conserved in the evolution of mammals, and decreases in the early stages of in vitro killing of certain bacteria, such as Staphylococcus aureus, by MPO-deficient neutrophils have been observed, the vast majority of MPO-deficient individuals in industrialized countries do not exhibit signs of overt immunodeficiency (32 ) . One study de- Clinical Chemistry 53, No. 5, 2007 signed to avoid disease detection bias reported a significantly enhanced frequency of severe, though heterogeneous, infections in MPO-deficient individuals (33 ), but such events were rare. An association of MPO deficiency with Candida infections in diabetic patients has been described, and associations with decreased or increased frequencies of noninfectious diseases have also been reported (32, 33 ) . It remains possible that the MPO system is a very important host defense system when the host is challenged by high doses of infectious agents.
In contrast to defects in the MPO gene, mutations in the genes encoding the components of NADPH-oxidase result in CGD, a life-threatening diagnosis that demands appropriate clinical management and therapeutic decisions (24, 34 ) . Life-threatening conditions include both severe infections and uncontrolled inflammation associated with granuloma formation even in the absence of overt infection. In comparison with classic CGD, CGD with residual NADPH-oxidase activity is usually less severe and can manifest at an older age, with less severe infection and longer intervals between infections. This does not apply to all such patients, however, and manifestations can be as severe as in classic CGD. Because of the dire consequences of a CGD diagnosis, it is imperative that MPO deficiency not be falsely diagnosed as CGD.
As indicated in this study, complete MPO deficiency can lead to a significantly reduced fluorescence signal in the DHR assay that is consistent with the results observed in some CGD patients (Fig. 2) . In contrast, cells obtained from partial MPO deficiency containing only minimal residual MPO activity generated fluorescence signals consistent with normal (non-CGD) individuals (8, 22 ) . This was confirmed in patients 5 and 6, whose neutrophils contained only trace amounts of MPO but generated PMA-induced DHR fluorescence signals consistent with those of control individuals (Table 1) .
Our investigation provides direct evidence that the oxidation of DHR by H 2 O 2 depends on a peroxidase in cellular systems ( Figs. 2A and 4, A and B) . These results are in accordance with those of inhibitor experiments of MPO (Fig. 3) and the results of van Pelt et al. (8 ) . As expected, eosinophilic peroxidase can replace MPO in mediating DHR oxidation ( Fig. 2A, arrow) . Most patients will have detectable eosinophils, although at low frequency in peripheral blood. Therefore, strong DHR staining of eosinophils after activation with PMA is an extremely facile method to exclude CGD. It is important, however, to discern eosinophils from cell aggregates in the forward/side scatter diagram. It is also important not to confuse a subset of normal ROI-producing granulocytes present in X-linked CGD carriers (that can be small; see Introduction) (35, 36 ) .
Identification of eosinophils by flow cytometry can be challenging and may not always allow for differentiation between CGD and MPO deficiency. In such cases, alternative methods can be adopted for the rapid identification of false-positive CGD due to complete MPO deficiency. The simple addition of rhMPO to the assay (Fig. 4) enables a very rapid and clear discernment between MPO deficiency and CGD, as cells from patients with true CGD will not be affected by rhMPO. MPO deficiency can be clearly demonstrated using a monoclonal anti-MPO antibody with conventional intracellular staining. MPO is strongly expressed in granulocytes, less so in monocytes, and not at significant levels in lymphocytes, thus providing built-in staining controls. Finally, all measurements of ROIs in neutrophils that use indicators independent of MPO yield considerably enhanced readouts in the presence of MPO deficiency. This is attributed to a regulatory effect of MPO, the products of which are presumed to down-regulate NADPH-oxidase (37 ) . In the experiments shown here, LCL was used to measure O 2 Ϫ independent of MPO. As demonstrated in Fig. 2B , the O 2 Ϫ production plateaus at a level more than 3 times higher in MPO-deficient neutrophils than in those cells obtained from non-CGD control blood donors (Fig. 2, B and D) . Another possible complementary assay is luminol-enhanced chemiluminescence (38 ) comparing luminol oxidation by PMA-activated neutrophils in the absence and presence of horseradish peroxidase (1.2 kU/L). In the case of MPO deficiency, but not in the case of CGD, the added peroxidase strongly enhances luminol oxidation (unpublished results), a reaction that parallels the effect of rhMPO in the DHR assay (Fig. 4) .
We do not recommend the DHR assay as a screen for MPO deficiency because of the variable results observed and the lack of sensitivity in detecting partial MPO deficiency. It is possible that there are redundant peroxidases that may substitute for MPO, and it has been reported that DHR may be less dependent on MPO than dichlorofluorescein diacetate (39 ) .
In summary, it is important to consider complete MPO deficiency when a result consistent with CGD is obtained using the DHR assay, especially if patient history is not consistent with a diagnosis of CGD. It is easy to discriminate between the 2 enzyme deficiencies by (a) consideration of eosinophils, (b) addition of rhMPO and observation of the effect on the DHR-123 assay, (c) intracellular staining with anti-MPO antibody, and/or (d) the use of MPO-independent ROI detection methods such as LCL. In cases in which a diagnosis of CGD is suspected, we highly recommend that confirmatory tests (sequencing or others) be performed.
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